This study investigates the fluorocarbon-based plasma etching (FBPE) of low dielectric constant (ULK) carbon-doped oxide (CDO) films, which have a dielectric constant (k) value of 2.4. The effects of different ion density and ion energy power settings on the chemical composition of the fluorocarbon layer deposited during the etch process were investigated. X-ray photoelectron spectroscopy (XPS) was used to analyse the chemical composition of the post-etched low-k CDO films while spectroscopic ellipsometry (SE) was used to determine the overall film thickness. XPS spectra of the C1s core levels reveal that the relative concentration of CF x species in the fluorocarbon films reduced as ion density source power and ion energy power levels were increased, and this can be correlated with a higher etch rate and thinner fluorocarbon layer. Plasma conditions which led to the deposition of a thick fluorocarbon film significantly inhibited the etch rate. This work demonstrates that the chemical composition and the thickness of the fluorocarbon film can be controlled by the plasma power parameters, and this has implications for the etching of ULK CDO layers.
Introduction
Fluorocarbon-based plasma etching (FBPE) is widely used in ultralarge-scale integration (ULSI) device fabrication [1] [2] [3] . These fluorocarbon plasmas are known to result in the deposition of a polymeric film covering the surface during etching of the substrate material. It had been previously understood that this film acted to inhibit the etch rate; however, recent studies have shown that ion-induced defluorination of the fluorocarbon film can be the main supply of fluorine used in the etch process [4] . This study aims to investigate the chemical composition of the fluorocarbon layers deposited for a range of plasma operational parameters on an ultralow-k (ULK) dielectric material and the effect this has on the etch rate of the dielectric layer. The chemical depth profile of the post-etched carbon-doped oxide (CDO) dielectric layer was also investigated as the presence of oxygen in the plasma chemistry during etching can result in carbon depletion which results in an increase of the k value [5] [6] [7] [8] . Correlations were established between the chemical composition and thickness of the fluorocarbon film and the etch rate of the CDO layer. Xray photoelectron spectroscopy (XPS) was used to determine the chemical composition of the fluorocarbon layer, and the residual thickness of the CDO layer was measured by spectroscopic ellipsometry (SE).
Experimental details
The Exelan(r) dielectric etch system from Lam Research Corporation is a capacitively coupled radio frequency (RF) T0  0  0  0  0  0  0  0  488  T1 200  200  0  10  500  150  15  488  T2 400  200  0  10  500  150  15  482  T3 800  200  0  10  500  150  15  442  T4 800  200  3.3  10  500  150  15  441  T5 800  400  3.3  10  500  150  15  372  T6 800  600  3.3  10  500  150  15  355 instrument which can be used for etching, deposition, sputtering and other surface treatments. Within plasma discharges, both the ion energy bombarding the electrodes and the ion flux current onto the electrodes are of extreme importance. High-density plasmas are required for a high etch rate and therefore high throughput. The energy of the ions bombarding the electrodes is known to play an important role in thin film etching and sputtering processes. Traditionally, these devices have been operated with a single frequency power source, usually at 13.56 MHz. With a single power source, increasing the power increases the current and voltage simultaneously, resulting in increased plasma density and ion energy, respectively. In recent years, there has been an introduction of plasma devices which are operated at the sum of two frequencies, one of which is much higher than the other. In Exelan, a 27 MHz high frequency (HF) controls plasma density while a 2 MHz low frequency (LF) controls the ion-bombarding energy giving independent control of the plasma density and ion energy. The chamber is designed to use this 'dual frequency confined(tm) capacitive coupled plasma' technology (DFC(tm)-CCP). Different plasma conditions were investigated by systematically altering the HF power and the LF power and determining the impact these changes had on the chemical composition of the fluorocarbon film, the etch rate and the extent of carbon depletion from the film. Samples of dimensions 2 cm × 2 cm were etched with parameters listed in The x-ray photoelectron spectroscopy (XPS) analysis of the samples was carried out in VG Microtech electron spectrometer at base pressures, in the preparation and analysis chambers, of 2 × 10 −8 and 1 × 10 −8 Pa, respectively. The photoelectrons were exited with an x-ray source using MgKα (hν = 1253.6 eV) and the pass energy of the analyser was 20 eV yielding a resolution of 1.2 eV. The C1s, O1s, Si2p, F1s peaks were recorded along with 20-1000 eV survey scans. The intensities of the peaks were determined as the integrated peak areas assuming the background to be linear. Depth profiling of samples was carried out by in situ sputtering using an argon ion gun which was operated at an energy of 1 keV and a sample current of 40 µA. A J A Woollam M-2000 V spectroscopic ellipsometer was used to determine the film thickness and the refractive index (7). Table 1 summarizes the range of plasma conditions and chemistries used to etch the blanket Aurora TM CDO films in C 4 F 8 /Ar and C 4 F 8 /O 2 /Ar discharges. All the plasma conditions investigated led to the formation of a measurable steady-state fluorocarbon layer on the surface of the underlying CDO. In order to establish that the composition of the fluorocarbon film for a particular set of etch parameters had reached steady-state conditions [9] , etch times of 15, 30, 45, 60 and 120 s were investigated. All samples showed similar etch rates and fluorocarbon oxidation state intensities indicating that steady-state conditions had been reached after a 15 s period. The dielectric films were etched for 15 s in Lam Excelan and their thicknesses were referenced to the unetched thickness of the T0 film, which was 490 nm. Sample conditions T1, T2 and T3 involved a systematic variation of the plasmas' density by increasing the HF power from 200 W to 800 W in plasmas containing no O 2 flow into the chamber. Sample conditions T4 to T6 varied LF power from 200 W to 600 W with a flow of 3.3 sccm of O 2 into the reactor. All etch gas mixtures contained 500 sccm of Ar and a base pressure of 150 mTorr. Figure 1 shows the curve-fitted components of the C1s peak following a 15 s etch with varying plasma HF power in a C 4 F 8 /Ar discharge. Throughout the study, the C1s oxidation states were fitted using a mixed singlet which is a combination of a Lorentzian and a Gaussian peak. The full-width half maximum (FWHM) values were constrained between 1.9 eV and 2.1 eV for all oxidation states. All the carbon 1s profiles were fitted with five main peaks which were C-Si at 283.7 eV, C-CF x at 285.5 eV and CF z (z = 1, 2, 3) at 287.5 eV, 289.9 eV and 292.3 eV, respectively. Two main trends are observed in the profile of C1s as a function of increasing HF power. The intensity of the C-Si component peak becomes more pronounced indicating a thinner fluorocarbon film as this carbon signal originates from the CDO substrate. The other noticeable feature of the spectra is that the relative intensities of the C-F x component peaks decrease in relation to the C-CF x derived peak with increasing power. This trend is more apparent from figure 2 which plots the percentage of each carbon oxidation state as a function of HF power. The graph highlights the fact that as well as the fluorocarbon layer becoming thinner, there is a compositional change in the fluorocarbon film with increasing HF power which results in a decreased contribution from the higher C-F x oxidation states relative to the C-CF x component peak. This has also been observed in a previous study by Arai et al [10] which reported that the concentration of highly fluorinated carbon atoms in HF Power the polymeric fluorocarbon films deposited at high RF power is smaller than in fluorocarbon polymers deposited at low RF power. Figure 3 shows the curve-fitted components of the C1s peak following a 15 s etch with the C 4 F 8 /O 2 /Ar discharge for varying LF powers. The trend is similar to the changes induced by increasing plasma HF power in that there is a reduction in the thickness of the fluorocarbon film and a decrease in the contribution of CF x oxidation states to the C1s spectrum, as can be seen more clearly in the percentage data presented in figure 4 . The CDO thickness results presented in table 1 indicate that the etching of the film can occur in the absence of gaseous oxygen if the HF power is sufficiently high. The CDO film in sample T3 with a HF power of 800 W has been etched without any gaseous oxygen flow. In fact, the addition of 3.3 sccms of oxygen at this HF power level (sample T4) has no measurable impact on the CDO etch rate. It therefore appears that for these materials, the steady-state fluorocarbon layer thickness is a key parameter that determines the etch rate of the layer [11] . Figure 5 shows the argon ion depth profiles of the C1s percentage concentrations as a function of HF power. The unprocessed sample, T0, has a carbon concentration of approximately 15% through the film when the surface contamination component has been removed following the first bombard. It is apparent from the depth profile data that the thickest fluorocarbon films were deposited on samples T1 and T2, neither of which displays any evidence of etching. Fluorocarbon films greater than 2.5 nm have been shown to significantly reduce the etch rate [12] . Figure 6 plots the argon ion depth profile of the C1s percentage concentration for variations in the LF power. Samples T4 and T5 show similar thicknesses of fluorocarbon films on the surface of the CDO. However, T5 has higher etch rates, which can be attributed to an increase in LF power accelerating the ions towards the sample surface thereby increasing the amount of ion bombardment. Fluorocarbon species can be dissociated and ion bombardment can drive species into the substrate by a diffusion-like process thereby enhancing the etch rate [11] . T6 shows the thinnest of the fluorocarbon films and the corresponding highest etch rate. None of the samples investigated showed any strong evidence of carbon depletion, meaning that the integrity of the CDO film remained intact during the etch process. This can be attributed to the presence of the fluorocarbon film which has a role in suppressing carbon depletion from the CDO film. Increasing the HF power increases the number of ions in the plasma. Operating the reactor at high RF power results in the polymerization reaction, which is activated on the surface by the impact of energetic ions, forming a fluorocarbon layer. However, as the ion density power increases, the deposited polymers are likely to be etched by high energy ion bombardment. This is considered to be the reason why the thickness of the fluorocarbon layer decreases with increasing ion density power and why the number of fluorine atoms incorporated in the polymer film also decreases. If this detached fluorine diffuses through the film to the substrate, it can initiate the etching reaction mechanisms [4, 9] . These results are consistent with the CDO etching occurring in the presence of a thin surface fluorocarbon film which acts as a source of fluorine for the etch process. The high powers act to both reduce the fluorocarbon thickness and defluorinate the film, both processes which enhance the etching process.
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Conclusions
HF power reduces the thickness of the fluorocarbon layer which leads to increases in the etch rate, even in the absence of gaseous oxygen. It also has the effect of reducing the concentration of the C-F x species to the carbon 1s peak profile. Increasing the ion energy power also reduces the thickness of the fluorocarbon layer and has the same effect as ion density power on the concentration of the C-F x species. These findings are consistent with the etch model where the fluorine is detached from the fluorocarbon layer and diffuses to the interface to take part in the etch process.
